The immune system maintains a vast repertoire of B cells and T cells waiting to respond to microbial invasion. These quiescent, naïve lymphocytes may be activated by antigen engagement and costimulation, triggering an exit from the G0 phase of the cell cycle, entry into active cell cycle and increased metabolism as cells both expand and acquire effector functions. Previous studies demonstrate that lymphocyte quiescence, a state of reversible growth arrest in which cells remain responsive to activating stimuli and resistant to apoptosis (and are therefore not anergic), must be actively maintained by the action of molecules including transcription factors and cell cycle regulators[@R1]. DNA microarray experiments suggest that specific transcriptional programs are associated with the quiescent state[@R2],[@R3] and that cellular activation involves not only increased expression of genes that promote growth and differentiation, but also suppression of a quiescent gene expression program[@R4],[@R5]. A growing number of known genes, including *Foxo1, Foxo2, Foxo3* (ref. [@R6]), *Klf2* (ref. [@R7]), and *Tob*[@R8], have been implicated in the regulation of immune cell quiescence.

Here we describe an inherited immune deficiency characterized by susceptibility to both bacterial and viral infections, in which thymocytes develop normally, but peripheral T cells die in response to activating or homeostatic expansion stimuli. Activation also triggers death of inflammatory monocytes. The majority of peripheral T cells display a semi-activated phenotype, and this population of cells specifically undergoes apoptosis through the intrinsic apoptotic pathway. The mutational cause of this immune deficiency was positionally ascribed to the *Slfn2* gene, demonstrating for the first time a role for *Slfn2* in maintaining quiescence in immune cells *in vivo*.

Results {#S1}
=======

Immunodeficiency of *elektra* mutant mice {#S2}
-----------------------------------------

The recessive *elektra* phenotype was detected among G3 mice homozygous for random germline mutations induced by *N*-ethyl-*N*-nitrosourea **(**ENU). Mice were screened for mutations causing a lethal outcome following inoculation with normally sublethal quantities of mouse cytomegalovirus (MCMV)[@R9]. *Elektra* homozygotes died 6--8 days after inoculation with 2 × 10^5^ PFU of MCMV, whereas nearly all C57BL/6J wild-type control mice survived ([Fig. 1a](#F1){ref-type="fig"}). Serum cytokine concentrations in *elektra* homozygotes were comparable to those in wild-type mice for this infection model ([Supplementary Fig. 1a](#SD1){ref-type="supplementary-material"}), suggesting that this mutation did not confer an innate immune sensing defect. Moreover, the *elektra* mutation did not impair natural killer (NK) cell function, which is critical for controlling MCMV infection[@R10], since killing of NK target cells and interferon-γ (IFN-γ) production upon activation of NK cells was intact ([Supplementary Fig. 1b,c](#SD1){ref-type="supplementary-material"}). The susceptibility phenotype was completely rescued by bone marrow transplantation from wild-type mice ([Fig. 1b](#F1){ref-type="fig"}), suggesting that a hematopoietic defect was responsible for this phenotype. Further characterization demonstrated that the immune defect in *elektra* homozygotes was not restricted to the containment of MCMV infection. Lymphocytic choriomeningitis virus (LCMV; Armstrong strain) proliferated excessively in homozygous *elektra* mutants, while it was effectively cleared from wild-type mice by 7 days post-infection ([Fig. 1c](#F1){ref-type="fig"}). Moreover, *elektra* homozygotes died 4--5 days after intravenous injection with *Listeria monocytogenes* due to impaired ability to control bacterial growth. The magnitude of susceptibility was similar to that observed in mice deficient in Toll-like receptor (TLR) signaling due to mutation in the *Myd88* gene, which encodes a critical TLR adapter protein ([Fig. 1d](#F1){ref-type="fig"} and [Supplementary Fig. 1d](#SD1){ref-type="supplementary-material"})[@R11]. Thus, despite normal innate sensing, homozygous *elektra* mice show susceptibility to diverse infections stemming from a defect in the hematopoietic compartment.

A defect in peripheral T cells {#S3}
------------------------------

To characterize the immunological defect caused by the *elektra* mutation we performed immunophenotyping using flow cytometry. *Elektra* homozygotes showed normal cellularity of the spleen, thymus, lymph nodes, and peripheral blood. Low percentages of CD4^+^ and CD8^+^ T cells were evident both in the spleen and lymph nodes. The percentage of CD8^+^ T cells was markedly reduced in blood, while the percentage of CD4^+^ T cells was slightly reduced ([Fig. 2a](#F2){ref-type="fig"}). However, thymic T cell populations were normal as assessed by double negative (CD4^−^ CD8^−^), double positive (CD4^+^CD8^+^) and single positive cell ratios, as well as total thymocyte numbers ([Fig. 2b](#F2){ref-type="fig"} and data not shown). Control of LCMV infection is dependent upon CD8^+^ T cell activity, and infection of wild-type mice with LCMV (Armstrong strain) leads to a sharp increase in CD8^+^ T cell numbers. Consistent with their failure to restrict the proliferation of LCMV ([Fig. 1c](#F1){ref-type="fig"}), *elektra* homozygotes showed a reduction in CD8^+^ T cell numbers in response to LCMV infection ([Fig. 2c](#F2){ref-type="fig"}, top). Moreover, restimulation of splenocytes from LCMV-infected *elektra* homozygotes *ex vivo* using LCMV-derived peptides (representing immunodominant epitopes of both envelope and nuclear protein antigens) revealed a severe reduction in the number of IFN-γ producing CD8^+^ cells relative to wild-type ([Fig. 2c](#F2){ref-type="fig"}, bottom). These findings demonstrate that the *elektra* mutation impaired both the number and the response of T cells

Activation signals lead to T cell death {#S4}
---------------------------------------

To understand the peripheral T cell deficiency observed in *elektra* homozygotes, we first stimulated lymphocytes derived from lymph nodes with a combination of anti-CD3ε and anti-CD28, a combination of PMA and ionomycin, or with interleukin 2 (IL-2) for 72 h *in vitro*. Both CD8^+^ and CD4^+^ (data not shown) T cells from *elektra* homozygotes failed to expand normally in response to these stimuli ([Fig. 3a](#F3){ref-type="fig"}). Further examination of the proliferative response to TCR activation using an *in vitro* bromo-2-deoxyuridine (BrdU) incorporation assay demonstrated that in fact a higher percentage of homozygous *elektra* CD8^+^ T cells incorporated BrdU relative to wild-type after stimulation with anti-CD3ε plus CD28 for 24 h ([Fig. 3b](#F3){ref-type="fig"}, left), indicating that *elektra* T cells are not growth arrested, and even contain an increased proportion of activation-competent cells. However, the opposite was observed after 48 h of activation, when fewer homozygous *elektra* CD8^+^ T cells replicated DNA relative to wild-type ([Fig. 3b](#F3){ref-type="fig"}, left). Consistent with these results, an elevated percentage of mutant CD8^+^ T cells incorporated BrdU *in vivo* under steady state conditions ([Fig. 3b](#F3){ref-type="fig"}, right). Annexin V staining 48 h after activation revealed massive apoptosis of mutant CD8^+^ T cells ([Fig. 3c](#F3){ref-type="fig"}). However, γ-irradiation-induced apoptosis was equivalent in homozygous *elektra* and wild-type CD8^+^ T cells ([Fig. 3d](#F3){ref-type="fig"}), indicating that the *elektra* mutation selectively causes death in response to activation.

Signals from the TCR control the activities of several pathways, including those of the transcription factors NF-κB and NFAT, and the Akt, Erk1/2, Jnk, and p38 mitogen-activated protein (MAP) kinase pathways, which together determine whether T cells will survive and proliferate or die through apoptosis[@R12]--[@R16]. We examined the activation status of each pathway within the first hour following TCR stimulation of wild-type or homozygous *elektra* CD8^+^ T cells with anti-CD3ε- and anti-CD28-coated beads. We found normal TCR-stimulated calcium influx ([Supplementary Fig. 2a](#SD1){ref-type="supplementary-material"}), NFAT-dephosphorylation ([Supplementary Fig. 2b](#SD1){ref-type="supplementary-material"}), NF-κB nuclear translocation ([Supplementary Fig. 2c](#SD1){ref-type="supplementary-material"}), and Erk and Akt phosphorylation in homozygous *elektra* cells ([Supplementary Fig. 2d,e](#SD1){ref-type="supplementary-material"}), demonstrating intact signaling through these T cell activation and survival pathways during the initial response to TCR stimulation. T cells from *elektra* homozygotes also exhibited normal induction of the activation markers CD25 and CD69 24 h after TCR activation ([Supplementary Fig. 2f](#SD1){ref-type="supplementary-material"}). However, p38-MAPK and Jnk, which are activated through phosphorylation, were constitutively phosphorylated under basal conditions, and further phosphorylated upon TCR stimulation in homozygous *elektra* CD8^+^ T cells ([Fig. 3e](#F3){ref-type="fig"}).

Collectively, these data demonstrate that compared to wild-type cells, homozygous *elektra* CD8^+^ T cells initiate responses to TCR activation normally, with higher proportions of cells replicating DNA after 24 h of activation. By 48 h most *elektra* cells have become apoptotic. These results suggest that the *elektra* phenotype entails both hypersensitivity to an activating stimulus, as well as fragility following activation.

*Elektra* T cells die in response to expansion signals {#S5}
------------------------------------------------------

To further test the proliferative capacity of homozygous *elektra* T cells, we examined their response to homeostatic proliferation signals. We adoptively transferred CFSE-labeled wild-type or homozygous *elektra* splenocytes (Ly5.2) into sublethally irradiated wild-type recipients (Ly5.1). Wild-type T cells underwent proliferation as expected, but no homozygous *elektra* T cells could be detected in the spleen 7 days after infusion ([Supplementary Fig. 3a](#SD1){ref-type="supplementary-material"}). When spleens were collected 2 and 4 days after adoptive transfer, a marked excess of the *elektra* homozygous mutant cells were found to be apoptotic as indicated by Annexin V staining ([Fig. 4a](#F4){ref-type="fig"}). Homozygous *elektra* B cells were present in percentages similar to those of wild-type B cells in recipient mice ([Supplementary Fig. 3b](#SD1){ref-type="supplementary-material"}). To follow the fate of existing peripheral T cells, we blocked their replenishment with new thymic emigrants by thymectomy of adult mice. Wild-type T cell numbers declined by 30% following thymectomy and then remained stable for more than 60 days. In contrast, homozygous *elektra* T cells severely declined within 12 days after thymectomy and almost completely disappeared from the blood by 60 days after thymectomy ([Fig. 4b](#F4){ref-type="fig"}).

We also tested homeostatic expansion of T cells in response to injection of IL-7 together with non-neutralizing anti-IL-7. This treatment mimics the lymphopenic condition and results in expansion of both T cells and B cells[@R17]. As expected, compared to injection with PBS, IL-7--anti-IL-7 injection resulted in expansion of both B and T cells, and a reduction in the percentage of Annexin V positive CD8^+^ T cells after 6 days in wild-type mice ([Fig. 4c](#F4){ref-type="fig"}). Whereas B cell populations expanded normally in *elektra* homozygotes, both CD8^+^ and CD4^+^ T cells failed to proliferate in response to IL-7--anti-IL-7 treatment ([Fig. 4c](#F4){ref-type="fig"}). Moreover, in contrast to wild-type mice, a higher percentage of CD8^+^ T cells from homozygous *elektra* mice were positive for Annexin V 6 days after IL-7--anti-IL-7 than after PBS injection ([Fig. 4c](#F4){ref-type="fig"}, bottom), suggesting that they die in response to signals induced by IL-7.

The cell surface glycoprotein CD44 normally accumulates on T cells as they mature in the periphery: naïve T cells that have newly emigrated from the thymus express low amounts of CD44 while mature, expanding T cells express abundant CD44. *In vitro*, experimental signals for homeostatic expansion also induce surface expression of CD44 (refs. [@R18]--[@R20]). We examined Annexin V staining of CD44^hi^ and CD44^lo^ populations of splenic CD8^+^ T cells from homozygous *elektra* and wild-type mice under steady state conditions. Regardless of genotype, most of the Annexin V positive cells were CD44^hi^. While similar small percentages of wild-type and mutant CD44^lo^ cells were Annexin V positive, the percentage of homozygous *elektra* Annexin V positive CD44^high^ cells was significantly elevated over that of wild-type ([Fig. 4d](#F4){ref-type="fig"}). Together, these findings demonstrate that homozygous *elektra* CD44^hi^ CD8^+^ T cells die in response to homeostatic expansion signals.

T cells die via the intrinsic apoptotic pathway {#S6}
-----------------------------------------------

Homeostatic lymphoid cell death is required to eliminate cells that are no longer needed once an infection is resolved and to eliminate potentially autoreactive cells. It is mediated both by the intrinsic apoptotic signaling pathway (controlled by the balance of pro- and anti-apoptotic Bcl-2 family members), and the extrinsic apoptotic signaling pathway (controlled by signals from receptors for tumor necrosis factor (TNF), FasL, TRAIL). We examined the status of both pathways in homozygous *elektra* mice. We excluded the Fas-mediated extrinsic pathway as the mechanism of cell death in homozygous *elektra* T cells because no rescue of CD8^+^ or CD4^+^ T cells was observed in homozygous *elektra Fas^lpr/lpr^* double mutant mice ([Fig. 5a](#F5){ref-type="fig"}).

The intrinsic pathway is chiefly responsible for T cell death after clonal expansion induced by acute, time-limited TCR activation that occurs during infection or homeostatic expansion[@R21]--[@R23]. The anti-apoptotic protein Bcl-2, which sequesters pro-apoptotic Bim and prevents activation of Bax and Bak, is a key regulator of apoptosis mediated by the intrinsic pathway[@R24]. Consistent with the finding that apoptosis of homozygous *elektra* T cells was increased in the CD44^hi^ population ([Fig. 4d](#F4){ref-type="fig"}), Bcl-2 expression was specifically reduced in the CD44^hi^ population ([Fig. 5b](#F5){ref-type="fig"}). Importantly, CD4^+^ and CD8^+^ T cell death was completely rescued in homozygous *elektra* mice expressing a *Bcl2* transgene ([Fig. 5c](#F5){ref-type="fig"}). Moreover, the *Bcl2* transgene could partially restore the ability of homozygous *elektra* CD4^+^ (data not shown) and CD8^+^ T cells to proliferate *in vitro* in response to TCR stimulation ([Fig. 5d](#F5){ref-type="fig"}). These results clearly demonstrate that death of homozygous *elektra* T cells is mediated by the intrinsic apoptotic pathway through the action of Bcl-2 family members and that T cells from *elektra* homozygotes have the capacity to proliferate once their propensity for apoptosis is blocked.

T cells exist in a semi-activated state {#S7}
---------------------------------------

The CD44^hi^ population encompasses both recently activated and memory phenotype cells, which may be discriminated on the basis of IL-2Rβ (CD122) expression, which is elevated in cells with a memory phenotype[@R25]. In wild-type spleen, the CD44^hi^ CD8^+^ T cell population was composed mostly of CD122^+^ cells, but in homozygous *elektra* spleen, most of the CD44^hi^ CD8^+^ and CD4^+^ T cells were CD122^−^ ([Fig. 6a](#F6){ref-type="fig"}, left, and [Supplementary Fig. 4a](#SD1){ref-type="supplementary-material"}, respectively). Induction of homeostatic T cell expansion in homozygous *elektra* mice by injection of IL-7--IL-7 antibody complex increased the percentage of cells with this altered CD122 expression ([Fig. 6a](#F6){ref-type="fig"}, right). This CD44^hi^CD122^−^ population showed complete shedding of CD62L, absent expression of IL-7Rα (CD127) and low CD5 expression, suggesting that these cells were recently activated ([Fig. 6b](#F6){ref-type="fig"}, right). In addition, the CD44^lo^ (naïve) population of CD8^+^ and CD4^+^ T cells in *elektra* homozygotes showed low expression of both IL-7Rα and CD62L ([Fig. 6b](#F6){ref-type="fig"}, left, and [Supplementary Fig. 4b](#SD1){ref-type="supplementary-material"}). Low expression of CD62L, as opposed to complete shedding of the CD62L molecule, has been shown to occur in response to continuous TCR stimulation[@R26],[@R27]. Similarly, low expression of IL-7Rα is associated with T cell activation. However, homozygous *elektra* CD8^+^ T cells (both CD44^hi^ and CD44^lo^) express normal amounts of the CD69 activation marker ([Fig. 6b](#F6){ref-type="fig"}) suggesting that they are not fully activated. CD8^+^ T cells from *elektra* mice were also not exhausted, as indicated by normal expression of PD-1 ([Fig. 6b](#F6){ref-type="fig"}). These findings strongly suggest that homozygous *elektra* T cells exist in a partially activated state that predisposes them to apoptosis in response to activation stimuli.

Surprisingly, although the *Bcl2* transgene rescued T cell death in *elektra* homozygotes ([Fig. 5c](#F5){ref-type="fig"}), it did not prevent the development of a semi-activated phenotype by either CD44^hi^ or CD44^lo^ T cells from *elektra* homozygotes ([Fig. 6c,d](#F6){ref-type="fig"}). Moreover, in non-lymphopenic mixed bone marrow chimeras \[homozygous *elektra* (Ly5.2) and wild-type (Ly5.1) cells mixed 1:1 and transplanted into lethally irradiated *Cd3* deficient recipients\], *elektra* T cells showed the same semi-activated phenotype ([Fig. 6e,f](#F6){ref-type="fig"}). This result indicates that the semi-activated state, although exacerbated by lymphopenic conditions ([Fig. 4a--c](#F4){ref-type="fig"}), is not primarily driven by the lymphopenic environment in homozygous *elektra* mice. Rather, it is intrinsic to *elektra* T cells and apoptosis is a consequence.

Monocytes die in response to activation signals {#S8}
-----------------------------------------------

Inflammatory monocyte recruitment is essential for defense against *L. monocytogenes* in mice[@R28]. Since *elektra* homozygotes were highly susceptible to *L. monocytogenes*, we examined the inflammatory monocytes in these animals before and during infection. Prior to infection, *elektra* homozygotes showed a normal percentage of inflammatory monocytes in the bone marrow but slightly reduced percentages of these cells in the blood and spleen compared with wild-type mice ([Fig. 7a](#F7){ref-type="fig"}, gated R1 population). Following infection, the fraction of inflammatory monocytes increased far less in the blood and spleen of *elektra* homozygotes relative to the increase observed in wild-type mice ([Fig. 7a](#F7){ref-type="fig"}). No accumulation of inflammatory monocytes was observed in the bone marrow ([Fig. 7a](#F7){ref-type="fig"}), indicating that a migration problem did not cause this aspect of the *elektra* phenotype. In contrast to inflammatory monocytes, a normal percentage of neutrophils was found in *elektra* homozygotes under steady state conditions. An increased percentage of neutrophils was found in *elektra* homozygotes following listeria infection, ([Fig. 7a](#F7){ref-type="fig"}, gated R2 population). The exaggerated accumulation of neutrophils after infection may be attributed to the elevated bacterial burden in *elektra* homozygotes, as previously shown for CCR2-deficient mice[@R28]. Macrophage numbers and recruitment to the peritoneal cavity were normal in *elektra* homozygotes, as were macrophage responses to TLR ligands *in vitro* (data not shown). Dendritic cells (DCs) were present in normal numbers (data not shown), and when stimulated with unmethylated CpG oligonucleotides, these cells survived and upregulated the costimulatory molecule CD40 as effectively as wild-type cells ([Supplementary Fig. 5](#SD1){ref-type="supplementary-material"}). In mixed bone marrow chimeras \[homozygous *elektra* (Ly5.2) and wild-type (Ly5.1) cells mixed 1:1 and transplanted into lethally irradiated *Cd3* deficient recipients\], both T cells and inflammatory monocytes derived from *elektra* homozygotes were markedly disfavored compared to cells of wild-type origin, while equal percentages of B cells and neutrophils of homozygous *elektra* and wild-type origin were observed ([Fig. 7b](#F7){ref-type="fig"}). Together, these findings indicate a cell-intrinsic, lineage-specific effect of the *elektra* mutation.

We determined whether the CD11b^+^Ly6C^hi^ monocytes from homozygous *elektra* mice were more prone to apoptosis in response to bacterial stimuli. We sorted CD11b^+^Ly6C^hi^ Ly6G^−^ monocytes from the bone marrow of uninfected mice, cultured the cells for 3 days *in vitro* in the presence of IFN-γ and heat-killed *L. monocytogenes*, and then examined the cells for activation and apoptosis markers by flow cytometry. After treatment, wild-type monocytes displayed an increase in major histocompatibility complex (MHC) class II expression ([Fig. 7c](#F7){ref-type="fig"}, top) and nitric oxide (NO) secretion ([Fig. 7c](#F7){ref-type="fig"}, bottom), and in their forward scatter/side scatter (FSC/SSC) profile, indicating that they became activated and differentiated ([Fig. 7d](#F7){ref-type="fig"}). The percentage of wild-type Annexin V positive cells also decreased after treatment ([Fig. 7e](#F7){ref-type="fig"}). In contrast, the majority of homozygous *elektra* monocytes failed to upregulate MHC class II ([Fig. 7c](#F7){ref-type="fig"}, top), and NO could not be detected in the culture medium ([Fig. 7c](#F7){ref-type="fig"}, bottom). The percentage of Annexin V positive *elektra* monocytes increased, and indeed most appeared to be dead, as indicated by their low FSC/SSC profile ([Fig. 7d,e](#F7){ref-type="fig"}). These results demonstrate that similar to homozygous *elektra* T cells, monocytes also undergo apoptosis in response to activation.

A mutation in *Slfn2* causes the *elektra* phenotype {#S9}
----------------------------------------------------

The mutation responsible for the *elektra* phenotype was mapped to Chromosome 11 by scoring for CD8^+^ T cell deficiency in the blood ([Supplementary Fig. 6a,b](#SD1){ref-type="supplementary-material"}), and then further confined to a critical region 5.5 megabase (Mb) pairs in size bounded by the markers D11Mit34 and D11Mit119 (located 79 Mb and 83.5 Mb from the centromere, respectively) ([Supplementary Fig. 6c](#SD1){ref-type="supplementary-material"}). The critical region contained a total of 116 annotated candidate genes ([Supplementary Fig. 6d](#SD1){ref-type="supplementary-material"}). All coding exons in the region were targeted for automated sequencing, and 69.7% high quality coverage of mutant and control templates was achieved on first pass. A single point mutation was identified in the region within *Slfn2* ([Supplementary Fig. 6e](#SD1){ref-type="supplementary-material"}), which encodes one member of a paralogous family of proteins with largely unknown function. The mutation results in an isoleucine to asparagine substitution of residue 135 of the encoded 278 amino acid protein ([Supplementary Fig. 6f](#SD1){ref-type="supplementary-material"}). BAC transgenesis was used to rescue the *elektra* CD8^+^ T cell phenotype, confirming the causative relationship between the mutation and the observed phenotype ([Fig. 8a,b](#F8){ref-type="fig"}). We infer that *elektra* is a loss-of-function rather than a gain-of-function allele, first because the phenotype is recessive, and second because transgenesis with the wild-type sequence rescued the phenotype instead of worsening it. The listeria susceptibility and MCMV susceptibility were also abolished by transgene rescue ([Fig. 8c,d](#F8){ref-type="fig"}).

In addition to study of *Slfn2^elektra/elektra^* mice, we generated *Slfn1*^-/-^ and *Slfn3*^-/-^ mice by gene targeting and examined their phenotypes. Consistent with a previous report[@R29] *Slfn1*^-/-^ mice showed no reductions in the numbers or frequencies of T cells, NK cells, monocytes or CD19-positive B cells in blood, spleen, lymph nodes, or thymus ([Supplementary Fig. 7a](#SD1){ref-type="supplementary-material"}). *Slfn3*^-/-^ mice also displayed no evident immune phenotype ([Supplementary Fig. 7b](#SD1){ref-type="supplementary-material"}). We conclude that Slfn2 has a non-redundant function in the regulation of peripheral T cell and inflammatory monocyte survival, while Slfn1 and Slfn3 do not.

Discussion {#S10}
==========

Our results demonstrate that a mutation in *Slfn2* causes immunodeficiency as a consequence of T cell and monocyte apoptosis secondary to a semi-activated phenotype. Multiple findings strongly suggest that this semi-activated state in *Slfn2^elektra/elektra^* T cells stems from a loss of cellular quiescence. First, homozygous *elektra* T cells display an elevated percentage of cells replicating DNA both in the steady state and during the initial response to TCR stimulation, suggestive of an increased readiness to enter S phase. Second, unstimulated homozygous *elektra* T cells display a unique phenotype in which naïve (CD44^lo^) T cells express low amounts of CD62L and IL-7Rα, and mature (CD44^hi^) T cells express no CD62L, IL-7Rα, or CD5, but normal expression of CD69, indicative of a semi-activated phenotype.

The activation of several pathways, including the NF-κB, NFAT, Akt, Erk1/2, Jnk, and p38 MAP kinase pathways, regulates T cell survival. In the case of homozygous *elektra* mutants, we presume that as a result of a loss of quiescence, the balance between these pathways is altered to favor apoptosis rather than expansion. Indeed, we observe that p38 MAPK and Jnk were constitutively activated in unstimulated *elektra* T cells. Activation of these kinases is associated with T cell apoptosis[@R15],[@R16], and may represent a factor contributing to apoptosis of *elektra* T cells. The enhancement of p38-MAPK and Jnk phosphorylation observed upon TCR stimulation of *elektra* T cells and the fact that inflammatory monocytes (of the myeloid lineage) also undergo apoptosis upon activation, together suggest that the proliferative signals negatively regulated by Slfn2 may be distinct from the TCR signaling pathways that lead to the development of activated T cell effector functions and full T cell activation.

Several studies suggest that lymphocytes must actively maintain a quiescent state in order to remain resistant to apoptosis. IL-15 has been shown to exert quiescence-inducing effects which are important for its anti-apoptotic properties[@R30]. Transcription factors that include members of the Foxo family[@R6] and LKLF[@R7],[@R31] have also been shown to promote quiescence and loss of their activity leads to induction of apoptosis. However, several recent studies have challenged the idea that Foxo and LKLF regulate the quiescent state *per se*, presenting evidence that these proteins instead control expression of homing and survival proteins[@R32]--[@R34]. These reports suggest that impaired trafficking and survival of T cells create a lymphopenic environment that leads to the loss of quiescence in peripheral T cells, and raise the question of whether Slfn2 actually controls survival or quiescence of T cells. Death of homozygous *elektra* T cells was rescued by transgenic expression of the anti-apoptotic *Bcl2* gene. However, although T cells in these mice were not subject to a lymphopenic environment, they still showed the same semi-activated phenotype as T cells from homozygous *elektra* mice. Similarly, in mixed bone marrow chimeras, *elektra* T cells underwent apotosis and displayed a semi-activated phenotype, despite being in a normal, non-lymphopenic environment. Thus, our results indicate that the failure of mature homozygous *elektra* T cells to engage the anti-apoptotic machinery of the cell stems from loss of quiescence and acquisition of a semi-activated phenotype by naïve *elektra* T cells, and is not a consequence of impaired survival signaling or activation by a lymphopenic environment. IL-7 and IL-15 are critical T cell growth and survival factors, and the absence of their signaling due to loss of IL-7Rα and IL-2Rβ expression in CD44^hi^ T cells may be the trigger that activates the intrinsic apoptotic pathway in homozygous *elektra* T cells.

*Slfn2* is one of 9 members of the *Slfn* gene family located in a cluster on mouse Chromosome 11 (ref. [@R29],[@R35]). A tenth Schlafen (Slfn) family member, Schlafen like 1 (*Slfnl1*), is encoded by a gene on Chromosome 4 (ref. [@R36]). While *Slfn2* has no human orthologue, it is most similar to *SLFN12* and *SLFN12L*, two of seven paralogues encoded by the human genome. Aside from a divergent AAA domain ([A]{.ul}TP binding [A]{.ul}ssociated with cellular [A]{.ul}ctivities) and a sequence designated COG2685 (NCBI Conserved Domain Database) found in all Slfns, Slfn2 bears no similarity to other proteins[@R29],[@R35]. AAA ([A]{.ul}TPases [a]{.ul}ssociated with various cellular [a]{.ul}ctivities) domains, to which the divergent AAA domain is related, are present in proteins of the AAA+ family, and mediate conformational and translocational changes of substrate proteins during cycles of nucleotide binding and hydrolysis[@R37],[@R38]. COG2685, a domain of unknown function, is predicted to contain a helix-turn-helix DNA binding motif, and bears similarity to a domain present in several ATP-dependent DNA helicases and transcriptional regulators[@R35]. The *elektra* mutation, a T\>A transversion, causes an isoleucine to asparagine substitution of residue 135 of the 278 amino acid Slfn2 protein, within a region in which no functional domains have been identified.

We hypothesize that Slfn2 maintains the quiescent state by promoting the expression of quiescence genes and/or repression of genes required for proliferation or differentiation. Previous work, primarily on the related Slfn1 protein (53% identical), supports this hypothesis. Thymocyte-specific transgenic expression of *Slfn1* cDNA in mice resulted in severe reduction of overall thymus size due to impaired development of the CD4^−^CD8^−^ double negative population in the thymus[@R29]. *In vitro*, ectopic expression of Slfn1 in fibroblasts represses cell growth and arrests cells in the G1 phase by causing transcriptional downregulation of cyclin D1 (refs. [@R29],[@R35],[@R39]). Notably, relative to Slfn1, Slfn2 overexpression caused much stronger growth repression[@R9]. The *Cyclin D* genes are targets of Foxo transcription factors important in the regulation of quiescence[@R6], raising the possibility that function of Slfn2 intersects with the pathways controlling Foxo function.

We have shown that the *elektra* allele of *Slfn2* confers susceptibility to two very different viral infections (LCMV and MCMV) in mice. Susceptibility to LCMV is likely related to impairment of CD8^+^ T cell function. Interestingly, the mutation has no effect on NK cell numbers or function, although these cells are known to be essential for defense against MCMV. We consider it possible that inflammatory monocytes fulfill an essential function as well, given that lymphocytes are not needed for survival during the first several weeks following inoculation with MCMV[@R10]. Indeed, monocyte and macrophage cells are suggested to be protective in influenza infections[@R40], and inflammatory monocytes are essential for defense against *L. monocytogenes* infection[@R28]. Recently, a non-redundant role was directly demonstrated for inflammatory monocytes in controlling viral infection[@R41].

Several orthopoxviruses contain either full-length or fragmentary *Slfn* homologues. The full-length camelpox v-SLFN is most similar to mouse Slfn1 and Slfn2, with approximately 30% amino acid identity in the conserved region. A recombinant vaccinia virus strain expressing camelpox v-SLFN is attenuated relative to the wild-type virus when mice are infected intranasally, resulting in reduced weight loss and more rapid recovery[@R42]. Viruses thus appear to have appropriated a *Slfn* sequence, and may use it to manipulate the survival and proliferation of host immune cells, and hence, the immunopathologic consequences of infection.

Methods {#S11}
=======

Mice and MCMV susceptibility screen {#S12}
-----------------------------------

C57BL/6J (also referred to as WT), C3H/HeN, C57BL/6-*Cd3e^m1Btlr^* and C57BL/6-*Myd88^poc^* mice were maintained under specific pathogen-free conditions in The Scripps Research Institute vivarium, and all studies involving mice were performed in accordance with institutional regulations governing animal care and use. C57BL/6J mice, which are naturally resistant to MCMV, were used for mutagenesis as previously described[@R43]. The conditions of the *in vivo* MCMV susceptibility screen were described previously[@R9]. C57BL/6-*Tg(BCL2)25Wehi/J*, B6.MRL-*Faslpr/J* and C57BL/6.SJL (*Ptprc^a^Pep3^b^; Ly5.1^+^*) were purchased from The Jackson Laboratory. The *elektra* strain may be obtained from the MMRRC, and is described at <http://mutagenetix.scripps.edu>.

MCMV, LCMV and *L. monocytogenes* infections {#S13}
--------------------------------------------

Preparation of the MCMV stock (Smith strain) was described previously[@R9]. Mice were infected with MCMV by intraperitoneal injection. The Armstrong strain of LCMV (provided by M.B.A. Oldstone, TSRI, La Jolla, CA) was injected intravenously. Viral loads were determined after organ homogenization in DMEM, 3% FCS by standard plaque assays on NIH-3T3 cells for MCMV and on VERO cells for LCMV. For *in vivo* challenge with *L. monocytogenes* (strain 10403S; Xenogen, Inc.), bioluminescent bacteria were prepared and injected intravenously as described previously[@R44].

Genetic Mapping {#S14}
---------------

Because most inbred strains show either a strong or moderate susceptibility to MCMV infection, the chromosome location of the *elektra* mutation was mapped using the low CD8 T cell phenotype. Initial confinement of the mutation was made by outcrossing *elektra* homozygotes to C3H/HeN mice, and then backcrossing F1 hybrids to the homozygous *elektra* stock. The percentage of CD8^+^ T cells in the blood of 6 week old F2 mice was analyzed by flow cytometry. Linkage was measured with respect to a panel of 129 markers distributed across the genome at 50 Mb intervals. Additional microsatellite markers were used in fine mapping studies.

Transgenesis {#S15}
------------

The BAC clone RP23-246H3, which represents a 197 Kb genomic DNA fragment between 82798126 and 82995557bp on Chr. 11, was obtained from CHORI (Children's Hospital Oakland Research Institute) and microinjected into the male pronucleus of \>100 fertilized *Slfn2^elektra/elektra^* oocytes to produce transgenic animals. Embryos were transferred to pseudopregnant CD1 females and a total of 12 pups were born. Among them, 7 mice were confirmed as transgenic founders by sequencing DNA amplified across the *Slfn2^elektra^* mutation site. In the 5 remaining mice, only the mutant *Slfn2* sequence was present.

*In vivo* assay for NK cell cytotoxicity {#S16}
----------------------------------------

In vivo assay for NK cell cytotoxicity preformed as previously described[@R45].

Isolation of NK cells, CD8^+^ T cells and monocytes {#S17}
---------------------------------------------------

NK cells, CD8^+^ T cells or DCs were isolated from spleens using the DX5 (CD49b) antibody (130-052-501), CD8^+^ T cell isolation kit (130-090-859), or CD11c MACS cell separation kit (130-052-001), respectively, from Miltenyi Biotech according to the manufacturer instructions. For monocyte purification, bone marrow cells were stained with CD11b-APC (M1/70, eBioscience), Ly6C-Fitc (AL-21, BD Biosciences) and Ly6G-PE (1A8, Biolegend) antibodies. Then the CD11b^+^, Ly6C^hi^ and Ly6G^−^ sub population were sorted using FACS Aria (BD).

*Ex vivo* restimulation of CD8 cells {#S18}
------------------------------------

Splenocytes from LCMV-infected mice were restimulated with the indicated concentrations of LCMV peptides GP33 or NP396 for 4 h in the presence of brefeldin A (BD Biosciences), after which IFN-γ production was measured by intracellular staining.

*In vitro* T cell proliferation assay and BrdU incorporation assay {#S19}
------------------------------------------------------------------

Lymph node or spleen cells were labeled with CFSE for 10 min followed by two wash steps. Cells were plated in 24-well plates that were coated with anti-CD3ε (10 μg/ml; eBioscience) and anti-CD28 (10 μg/ml; eBioscience), or plated in uncoated 24-well plates and then treated with mIL-2 (100 ng/ml; eBioscience) or PMA-ionomycin. Cells were collected at different time points and CFSE intensity was analyzed by flow cytometry.

For BrdU incorporation; after activation BrdU (BD Biosciences) was added for 90 min. Cells were stained with anti-BrdU antibody (3D4; BD Biosciences), followed by flow cytometric analysis

Adoptive transfer of T cells, thymectomy and bone marrow transplantation {#S20}
------------------------------------------------------------------------

For adoptive transfer, CFSE labeled spleen cells were injected intravenously into recipient mice that had been sublethally irradiated (600 rad) 24 h earlier. Seven days following adoptive transfer, splenocytes were prepared, surface stained for CD45.1 (A20, eBioscience) together with CD8 (53-6.7, eBioscience) or CD4 (L3T4, eBioscience) and then analyzed by flow cytometry for CFSE dilution.

Thymectomy was performed on 7 week old male mice by suction under ketamine (100 mg/kg) and Xylazine (10 mg/kg) anesthesia[@R46]. Mice with an incomplete thymectomy were excluded from analysis.

For bone marrow transplantation, bone marrow cells were extracted from femurs and tibias and were placed in PBS, 0.1% BSA (vol/vol). Bone marrow cells (5 × 10^6^) were injected intravenously into the lateral tail veins of recipient mice that had been irradiated (1000 rad) 24 h earlier. For mixed bone marrow chimeras, equal numbers of bone marrow cells from congenic WT (C57BL/6.SJL) (Ptprc^a^Pep3^b^; Ly5.1^+^) and homozygous *elektra* mice (Ly5.2^+^) were injected into irradiated (1000 rad) CD3-deficient mice.

IL-7/anti-IL-7 mAb injection *in vivo* {#S21}
--------------------------------------

1.5 μg recombinant IL-7 together with 7.5 μg anti-IL-7 (M25, a generous gift of C. D. Surh) were pre-incubated for 10 min at 25°C, then PBS was added up to 0.4 ml. Mice were injected *i.p*. one or two times at 3-day intervals with complexes of IL-7-M25 or PBS.

Nitric oxide measurement {#S22}
------------------------

Nitrite concentration was assessed using the Griess reaction

Antibodies {#S23}
----------

The following antibodies were used in this study for flow cytometry: CD8α (53-6.7), CD4 (L3T4), CD3ε (145-2C11), CD5 (J3-7.3), CD25 (PC61.5), CD45.1(A20), CD45.2 (104), CD69 (H1.2F3), IFN-γ (XMG1.2), Bcl2 (10C4), CD44 (IM7), CD122 (TM-b1), Qa-2 (1-1-2), Fas (15A7), CD11b (M1/70), TCRβ (H57-597), B220 (RA3-6B2), NK1.1 (PK 136) (eBioscience); Ly6G (1A8) (Biolegend) JNK, P-JNK, p38-MAPK, P-p38-MAPK, AKT, P-AKT (S473), P-AKT (T308) (Cell Signaling Technology); Anti-BrdU, Ly6C (AL-21), (BD Biosciences). The following antibodies were used for immunoblotting: P-p38-MAPK, p38-MAPK, ERK1/2, p65 (Cell Signaling Technology), NFAT1 (Affinity Bioreagents). Purified CD3ε (145--2C11) and CD28 (37.51) antibodies (eBioscience) were used at indicated concentrations for T cell activation. AnnexinV (BD Biosciences) was used to identify proapoptotic T cells.

Statistical analyses {#S24}
--------------------

The statistical significance of differences was determined by the two-tailed Student's *t*-test. Differences with a *P* value of less than 0.05 were considered statistically significant. All error bars represent SD.
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![Homozygous *elektra* mutants are highly susceptible to MCMV, LCMV and *L. monocytogenes* infections\
**(a)** Survival curves for WT (*n*=8) and homozygous *elektra* mutants (*n*=8) upon challenge with 2 × 10^5^ PFU of MCMV. Results are representative of five independent experiments. **(b)** Survival curves upon infection with 2 × 10^5^ PFU of MCMV after reciprocal bone marrow transplantation. Recipient mice were reconstituted with 5 × 10^6^ bone marrow cells 1 day after 10-Gy dose of irradiation. Congenic C57BL/6.SJL (*Ptprc^a^Pep3^b^; Ly5.1^+^*), C57BL/6J (*Ptprc^b^Pep3^a^; Ly5.2^+^*) WT or *elektra* mutant mice were used as both recipients and donors as indicated in the figure. C57BL/6J into C57BL/6J, *n*=3; C57BL/6J into *elektra*, *n*=6; *elektra* into C57BL/6J, *n*=6; *elektra* into *elektra*, *n*=3. Results are representative of 2 independent experiments. **(c)** WT and homozygous *elektra* mice (3 mice in each group) were i.v. injected with either 200 or 2 × 10^6^ PFU of LCMV (Armstrong strain). Viral load was measured in spleens 7 days after injection. Results are representative of two independent experiments. \*\* *P* \< 0.0001, \**P* = 0.028. **(d)** Survival curves for WT (*n*=5), homozygous *elektra* (*n*=7), and *Myd88^poc/poc^* (*n*=2) mice when challenged with 2 × 10^5^ CFU of *Listeria monocytogenes*. Results are representative of four independent experiments.](nihms-173393-f0001){#F1}

![Defect in peripheral T cells in *elektra* homozygotes\
**(a)** Cells from spleen, lymph node (LN), and blood of WT or homozygous *elektra* mice were analyzed by flow cytometry for CD4 and CD8 expression. **(b)** Thymocytes from WT or homozygous *elektra* mice were analyzed by flow cytometry for CD4 and CD8 expression. For **a** and **b**, results are representative of 10 mice per genotype. **(c)** WT and homozygous *elektra* mice were i.v. injected with either 200 or 2 × 10^6^ PFU of LCMV (Armstrong strain). Splenocytes were isolated 7 days post-injection and restimulated *ex vivo* with either GP33 or NP396, peptides derived from LCMV, in the presence of Brefeldin A. Total numbers of CD8^+^ splenocytes were determined by flow cytometry (top). CD8^+^ cells were then fixed, permeabilized, and stained for intracellular IFN-γ expression (bottom). *n*=3 mice of each genotype per condition. Results are representative of 2 independent experiments. \*\*\* *P* \< 0.001, \*\* *P* \< 0.01.](nihms-173393-f0002){#F2}

![Apoptosis of homozygous *elektra* T cells in response to activation signals\
**(a)** CFSE intensity of CD8^+^ lymph node cells that were treated as indicated. Results are representative of 3 mice per genotype. **(b)** Left, BrdU incorporation measured by flow cytometry of CD8^+^ T cells from WT or *elektra* mice (*n*=3 each) that were either untreated, or stimulated with anti-CD3ε and anti-CD28. Results are representative of two experiments. Right, BrdU incorporation measured by flow cytometry of CD8^+^ T cells from WT or *elektra* mice (*n*=4 each) 4 h after injection with BrdU. Results are representative of two experiments. **(c)** Propidium iodide versus Annexin V staining of CD8^+^ T cells from WT or *elektra* mice (*n*=3 each) stimulated *ex vivo* with anti-CD3ε and anti-CD28 for 48 h. Results are representative of two experiments. **(d)** Percentage of Annexin V^+^ cells (gated on CD8^+^ propidium iodide negative population) induced by γ-irradiation (*n*=3 mice each). **(e)** Immunoblot analysis (top) and flow cytometric analysis (bottom) using anti-phospho-p38-MAPK or anti-p38-MAPK of pooled CD8^+^ T cells from WT (*n*=2) or *elektra* (*n*=4) mice upon anti-CD3ε and anti-CD28 treatment. Results are representative of 3 mice per genotype. For all panels, \*\*\* *P* \< 0.001, \*\* *P* \< 0.01, \* *P* \< 0.05.](nihms-173393-f0003){#F3}

![Apoptosis of homozygous *elektra* T cells in response to homeostatic expansion signals\
**(a)** Annexin V staining of adoptively transferred WT or *elektra* CD8^+^CD45.1^−^ cells from spleens of WT (Ly5.1^+^) recipient mice (*n*=4). Results are representative of three experiments. **(b)** Relative % of CD8^+^ (top) or CD4^+^ (bottom) T cells in seven week-old WT or *elektra* mice (*n*=5 or 6 respectively) at different time points after thymectomy. Relative % of T cells = (% T cells after thymectomy)/ (% T cells before the thymectomy). Results are representative of two experiments. **(c)** Numbers of CD8^+^, CD4^+^, B cells, and percentage of Annexin V positive CD8^+^ T cells in spleens from *elektra* or WT mice (*n*=4 each) injected with either PBS, or IL-7/anti-IL-7 (M25). White and black bars, mice injected with either PBS or IL-7/anti-IL-7 respectively on days 1 and 3 and cells collected on day 6; gray bars, mice injected with IL-7/anti-IL-7 on day 1 and cells collected on day 3. Results are representative of two experiments. **(d)** Annexin V staining of splenic CD8^+^CD44^hi^ or CD8^+^CD44^lo^ cells from WT or *elektra* mice (*n*=4 each). Results are representative of 3 experiments. For all panels, \*\*\* *P* \< 0.001, \*\* *P* \< 0.01, \* *P* \< 0.05.](nihms-173393-f0004){#F4}

![Homozygous *elektra* T cells die via the intrinsic apoptotic pathway\
**(a)** *Elektra* mutant mice were crossed to *Fas^lpr/lpr^* mutant mice to generate double mutant *elektra* (*eka/eka*); *Fas^lpr/lpr^* mice. Shown, CD4 versus CD8 staining of blood cells from 6 week-old littermate mice. **(b)** Bcl-2 expression in splenic CD8^+^CD44^hi^ or CD8^+^CD44^lo^ cells from WT or homozygous *elektra* mice analyzed by flow cytometry. **(c)** *Elektra* mutant mice were crossed to *Tg(BCL2)25Wehi/J* transgenic mice to generate homozygous *elektra* mice overexpressing Bcl2 in T cells. CD4 versus CD8 staining of splenic cells from 4 week-old littermate mice. **(d)** CFSE-labeled spleen cells from mice used in **c** were stimulated *in vitro* with a combination of anti-CD3ε and anti-CD28. Cells were collected after 72 h and CFSE intensity of the CD3^+^ CD8^+^ cells was analyzed by flow cytometry. For all panels, results are representative of 2 independent experiments each using 3--4 mice per genotype.](nihms-173393-f0005){#F5}

![Homozygous *elektra* T cells exist in a semi-activated state\
**(a)** Flow cytometric analysis of CD44 versus CD122 (IL-2Rβ) staining of splenic CD8^+^ cells from WT or *elektra* mice injected twice (one dose every 3 days) with either PBS or IL-7/anti-IL-7 (*n*=3 per genotype). Results are representative of two experiments. **(b)** Flow cytometric analysis of IL-7Rα, CD62L, CD5, CD69, and PD-1 staining of CD44^lo^CD8^+^ or CD44^hi^CD8^+^ cells. ISM, isotype-matched control antibody (*n*=3 per genotype). Results are representative 3 experiments. **(c)** CD44 versus CD122 staining of splenic CD8^+^ cells from 4 week-old elektra/+;Bcl2(Tg), elektra/elektra;Bcl2(Tg), elektra or WT littermate mice (*n*=3 each). **(d)** CD62L staining of spleen CD44^lo^CD8^+^ or CD44^hi^CD8^+^ cells from *elektra/+;Bcl2(Tg)* and *elektra/elektra;Bcl2(Tg)* mice (*n*=3 each). For **c** and **d** results are representative of two experiments. **(e,f)** Flow cytometric analysis of WT (CD45.1^+^) and *elektra* (CD45.2^+^) donor CD8^+^ T cells in CD3-deficient mixed bone marrow chimeras. **(e)** CD44 versus CD122 staining. **(f)** CD62L staining of CD44^lo^CD8^+^ or CD44^hi^CD8^+^ cells. Top, representative flow cytometry plots. Bottom, averaged mean fluorescence intensity (MFI) of CD62L staining in the CD44^lo^ population; and percentages of CD62L^hi^ and CD62L^lo^ expressing cells in the CD44^hi^ population. For **e** and **f,** *n*=6 recipient mice, \*\*\* *P* \< 0.001.](nihms-173393-f0006){#F6}

![Apoptosis of homozygous *elektra* monocytes in response to activation signals\
**(a)** Left, Ly6C versus CD11b staining of splenocytes from uninfected or *L. monocytogenes* infected WT or *elektra* mice (*n*=5 per genotype). Percentages of inflammatory monocytes and neutrophils are indicated by R1 and R2 gated cell populations, respectively. Results are representative of 3 experiments. Right, average percentage of inflammatory monocytes 48 h post-infection from spleen, blood, and bone marrow of WT or *elektra* mice (*n*=5 each). **(b)** Flow cytometric analysis of WT (CD45.1^+^) and *elektra* (CD45.2^+^) donor CD4^+^, CD8^+^, B cells (B220^+^), and inflammatory monocytes (gated on CD11b^+^ population) in the blood of CD3-deficient mixed bone marrow chimeras (*n*=3). Results are representative of two experiments. **(c--e)** Isolated bone marrow inflammatory monocytes from WT or *elektra* mice (*n*=2 each) cultured for 3 days in medium (untreated) or in medium supplemented with IFN-γ and heat-killed *L. monocytogenes* (treated). **(c)** Top, MHC class II staining. Bottom, nitric oxide concentration. **(d)** Forward-scatter (FSC) versus side-scatter (SSC) profile. Populations of live and dead cells are indicated. **(e)** Annexin V staining of the gated high FSC population. Results are representative of three experiments. For all panels, \*\*\* *P* \< 0.001, \*\* *P* \< 0.01, \* *P* \< 0.05. NS, not significant.](nihms-173393-f0007){#F7}

![Rescue of the *elektra* phenotype by BAC transgenesis\
Transgenic mice were produced by microinjecting a BAC clone containing the wild-type *Slfn2* sequence into single-cell embryos homozygous for the *elektra* mutation. **(a)** DNA sequence of the BAC clone and genomic DNA from an *elektra* homozygote in the region of the *Slfn2^elektra^* mutation. The BAC clone contains the wild-type *Slfn2* sequence. **(b)** Flow cytometric analysis of CD8 and CD4 staining of blood from a WT mouse, a homozygous *elektra* transgenic mouse carrying the *Slfn2* transgene (*elektra-BAC Tg*), and a littermate lacking the transgene (*elektra*). Results are representative of 4 mice per genotype. **(c)** Survival curves for transgenic mice (*elektra-BAC Tg*, *n*=7), littermates without the transgene (*elektra*, *n*=4), and WT mice (*n*=5) upon challenge with 2 × 10^5^ PFU of MCMV. **(d)** Survival curves for transgenic mice (*elektra-BAC Tg*, *n*=7), littermates without the transgene (*elektra*, *n*=5), and WT mice (*n*=7) upon challenge with 5 × 10^5^ CFU of *L. monocytogenes*.](nihms-173393-f0008){#F8}
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